Introduction
In recent years, a variety of carbon materials, such as activated carbon, octadecyl silica (C18), porous graphitic carbon, fullerene, and diamond, are being widely used in various fields of analytical chemistry. For example, activated carbons are used as a collecting material for trace elements, 1 or metal complexes. [2] [3] [4] [5] [6] [7] Fullerene, [8] [9] [10] porous graphitic carbon, 11, 12 and octadecyl silica [13] [14] [15] [16] are used as an adsorbent and diamond 17, 18 is used as a diamond electrode for detection in batchwise column preconcentration, 8 flow-injection, 9, 10, [13] [14] [15] [16] 18 or high-performance liquid chromatography. 11, 12, 17 The development of some fields of nanotechnology depends on the supply of dispersed particles with a few nanometers in diameter. Diamond carbon is one of the basic materials used in nanotechnology. The diameter of artificial diamond particles prepared by the conventional high-temperature and high static pressure ranges from sub microns to hundreds of microns. On the other hand, the diameter of the primary particles of detonation nanodiamond (DND) is much smaller, with a core size of ca. 4 nm; hence, suitable particles of DND are being produced on an industrial scale in Russia, China, and a few other countries. 19 Commercially available powders of DND, however, are complicated mixtures consisting of various levels of aggregation. 20, 21 Sonication actually destroyed the micronsized DND aggregates, but did not affect the core aggregates, measuring 100 -200 nm in size. 21, 22 Therefore, most of the past research has been implemented using the core aggregates of primary particles.
Recently, a stable aqueous suspension of nanodiamond particles with a mean core size of 4 nm was obtained by the disintegration of tight aggregates in DND by stirred-media milling with micron-size ceramic beads. 21, 23 The present work was undertaken to elucidate the chemical properties of nanodiamond, and found that the nanodiamond selectively adsorbs tungstate in weak acid media.
Hence, this finding has been applied to the preconcentration of tungstate in water samples.
Tungstate is known to correct hyperglycemia in animal models of diabetes when administered in drinking fluid, and it represents a potential treatment of diabetes. 24 However, tungsten, as a trace element, is toxic to humans and animals as follows. 25 A mote containing tungsten could cause emphysema or pulmonary fibrosis. During the G0 phase of lymphocytic culture, 10 -30 µg l -1 Na2WO4·2H2O would enhance the A nanodiamond with a mean particle size of 4 nm, which was prepared by the detonation of a nanodiamond, has been characterized and used as a collector for tungstate in water samples. An aqueous solution of nanodiamond was found to be stable over the pH range from 3 to 10. Coagulation of the nanodiamond could be brought about by adding an electrolyte solution. The adsorption characteristics of nanodiamond have been elucidated to be attributable to amino groups on its surface by the elemental-analysis data and the zeta potential measured in weak acid media. The unique adsorption properties of the nanodiamond for oxoacid anions were applied to a selective preconcentration method for tungstate in water samples. An appropriate amount of nanodiamond was added to a sample solution at pH 5 and a calcium chloride solution was added to aggregate nanodiamond. The sample solution was then allowed to stand for 2 h and centrifuged. The nanodiamond was transferred onto a membrane filter, washed with a diluted calcium chloride solution and treated in advance of an ICP-AES measurement by either of the following procedures: (a) redispersion of the nanodiamond into dilute nitric acid with an ultrasonic washer and (b) ashing of the membrane filter and the coagulated nanodiamond at 700˚C, followed by a treatment of the ash with hydrochloric and tartaric acids. The average recovery of tungstate from 100-ml artificial river-water was found to be 99% at the 0.25 ppm level with an RSD of 2.2% (n = 3). The concentration factor at present is 10. Tungsten has the biochemical toxicity described above because of its characteristic to interfere with molybdenum metabolism, leading to a depression of the biologic activity of enzymes containing molybdenum. Usually tungstate in environmental water samples mostly exists as a hexavalent state, as WO4 2-or polyacid tungstate. 25 The determination of tungsten in environmental water is difficult due to its low content and large amounts of matrix components. Thus, preconcentration and separation have been studied for the determination of tungsten using liquid-liquid extraction 26, 27 and solid-phase extraction. 28, 29 In these techniques, toxic organic solvents or concentrated acid or alkali solutions are used for the extraction and elution of tungsten. In addition, molybdenum is usually co-extracted with tungsten, and interferes with the determination of tungsten, particularly by spectrophotometry because of an overlapping of the absorption spectra of both metal complexes. However, ICP-AES enables us to accurately determine tungsten even in the presence of molybdenum by selecting the appropriate wavelengths. 30 Thus, the development of a simple and nontoxic preconcentration technique of tungsten by using the coagulation of nanodiamond is meaningful for the determination of tungsten by ICP-AES.
Experimental

Reagents and samples
All of the chemicals used were of analytical reagent grade. Water prepared by passing deionized water through a Milli-Q water purification system (Nihon Millipore, Tokyo, Japan) was used throughout the work.
A 10% (m/m) colloidal nanodiamond aqueous solution (Nano Carbon Research Institute, Chiba, Japan), which was contaminated with about 0.4% zirconia released from zirconia beads used for bead-milling of the nanodiamond aggregate, was used to obtain information about the basic characteristics of nanodiamond. The main part of the present work was carried out with a 5.6% (m/m) colloidal nanodiamond aqueous solution (Nano Carbon Research Institute, Chiba, Japan), which had been prepared only by long hours of ultrasonic irradiation, and was therefore free from zirconia.
A stock solution of tungstate (1.02 mg W/l) was prepared by dissolving sodium tungstate dehydrate (Kanto Chemicals, Tokyo, Japan) in water and diluting with water to 100 ml. Stock solutions of other oxoacid anions, i.e. arsenite, arsenate, selenite, selenate, molybdate, and perrhenate, and dichromate ions, were also prepared from their sodium, potassium or ammonium salts in a similar manner as mentioned above. Working solutions were prepared by appropriate dilution of each stock solution.
A 5 mol l -1 calcium chloride (Kanto Chemicals, Tokyo, Japan) solution was used for the coagulation of nanodiamond. A 1,5-diphenylcarbazide (Merck, Darmstadt, Germany) solution was prepared by dissolving 250 mg of the reagent in 25 ml of acetone, and used for the spectrophotometric determination of chromium(VI).
The pH of solutions was adjusted by adding dilute nitric acid, ammonia or sodium hydroxide solutions.
An artificial river-water sample was prepared from each 1000 mg l -1 stock standard solution according to the literature. 31 
Instrumentation
A Seiko Instruments Plasma Spectrometer SPS 1700HVR
(Seiko Instruments, Chiba, Japan) was used throughout the experiments under the conditions specified by the manufacturer. A pH meter F-13 (Horiba, Kyoto, Japan) was used to measure the pH, and a centrifugal machine (H-103N (Kokusan, Tokyo)) was used to separate the nanodiamond after coagulation. A Super Muffle SMF-2 (Sanyo Kagaku, Chiba, Japan) was used for the combustion of membrane filters and coagulated nanodiamond.
The 13 C NMR spectra of nanodiamond dispersed in heavy water were recorded with a JMN-LA 500 (Japan Electron Optics Laboratory, Tokyo, Japan) at 500 MHz with a 5-mm diameter sample tube at 30˚C.
The infrared spectra of a mixture of potassium bromide and powdered nanodiamond, which was dried under a vacuum at 60˚C overnight, were recorded by a diffuse reflection technique using a FT-IR Paragon 1000 Fourier-transform infrared spectrometer (PerkinElmer, Shelton, CT, USA) equipped with a diffuse reflectance accessory (EasiDiff (PIKE Technologies, Madison, WI, USA)) in the range of 4000 -500 cm -1 . The zeta potential of the nanodiamond was estimated from the electrophoretic mobility of the suspended nanodiamond, which was measured using an ELS-6000 zeta potential analyzer (Otsuka Electronics, Osaka, Japan), according to the Smoluchowski equation.
The pH of the nanodiamond suspensions was adjusted to the required value using dilute nitric acid or a sodium hydroxide solution. The concentrations of the nanodiamond in the suspensions were 100 ppm at pH 3 and 6, and 50 ppm at pH 10. The suspensions were then transferred to an electrophoresis cell for the measurement of the electrophoretic mobility. Five readings were taken for each sample, and the averages were used to calculate the zeta potentials.
SEM images were recorded using a JSM6300 scanning electron microscope (Japan Electron Optics Laboratory, Tokyo, Japan) at 20 kV acceleration voltages.
Procedure
Measurement of the adsorption rates of oxoacid anions on nanodiamond. The adsorption rates of oxoacid anions on nanodiamond were determined by equilibrating 30 ml of a solution containing 30 or 60 µg of the element of interest with 3 mg or 6 mg of nanodiamond. The pH of the solution was adjusted to 5 with dilute nitric acid. After equilibration for 18 h in a mechanical shaker at 60 rpm and at 25˚C, 150 µl of a 5 mol l -1 calcium chloride solution was added to coagulate the nanodiamond. The coagulated nanodiamond was immediately centrifuged at 3000 rpm for 5 min and the supernatant was filtered with an Omnipore membrane filter (pore size: 0.45 µm, diameter: 25 mm, Nihon Millipore, Tokyo, Japan) and a 10-ml aliquot of the filtrate was subjected to a measurement of the metals by ICP-AES after matrix matching. Analysis of artificial river-water. About 100 ml of a sample solution was taken in a polypropylene centrifuging tube and mixed with 6 mg of nanodiamond as a colloidal solution. The pH of the solution was adjusted to approximate 5 with diluted nitric acid. Then, 166 µl of a 5 mol l -1 calcium chloride solution was added to coagulate the nanodiamond. The centrifuging tube was allowed to stand for 2 h at room temperature, and then centrifuged for 5 min at 3000 rpm. The supernatant was filtered through a 0.45-µm membrane filter, and the residue in the centrifuging tube was washed twice with a 0.0083 mol l -1 calcium chloride solution, and filtered through the same membrane filter. The coagulated nanodiamond was pretreated by either of the following methods, and then tungsten in the sample solution was determined by ICP-AES with yttrium as an internal standard.
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Redispersion method. The membrane filter with the coagulated nanodiamond was spread on the inner wall of a small beaker and the coagulated nanodiamond was removed from the membrane filter with about 8 ml of 10 -5 mol l -1 nitric acid, followed by sonication with an ultrasonic cleaner (150 W and 38 kHz) for 8 min. The obtained clear solution was then transferred to a 10-ml volumetric flask and diluted to the mark with 10 -5 mol l -1 nitric acid. Ashing method. The membrane filter with the coagulated nanodiamond was transferred to a quartz crucible, carbonized by a gas burner, and then ashed at 700˚C in a muffle furnace. 32 The residue was dissolved in 1 ml of concentrated hydrochloric acid by heating on a hot plate and the sample solution was evaporated nearly to dryness. Two milliliters of 10% tartaric acid were added and the sample solution was then transferred to a 10-ml volumetric flask and diluted to the mark with water.
Results and Discussion
Characterization of nanodiamond
The elemental analysis data 21 of the commercial products of nanodiamond, which were prepared in a manner similar to that for the nanodiamond used here, suggests that the nanodiamond used in this work also contained a small amount of heteroatom (hydrogen, nitrogen and oxygen) in addition to carbon. Furthermore, the inner part of nanodiamond is supposed to have the sp 3 hybridized diamond structure, and part of the surface might represent the sp 2 -hybridized (graphite-like) area. 23 However information in further detail about the structure and characteristics of the nanodiamond surface has so far been hardly available.
C NMR spectra
The 13 C NMR spectra provide information about the state of carbon in a substance. The 13 C NMR spectrum obtained for the nanodiamond is shown in Fig. 1 . One peak was found around 40 ppm, as reported by Donnet et al., 33 and indicated sp 3 carbons consisting of nanodiamond. 34 In addition, these carbons might be quaternary carbons, because methyl, methylene and methine peaks were not found by distortionless enhancement by polarization transfer (DEPT). Quaternary carbons are essentially components of the diamond structure. As shown above, it is actually impossible to characterize the surface of a nanodiamond by 13 C NMR.
IR spectra and zeta potential of a nanodiamond
The IR spectra obtained for the two lots of nanodiamond are shown in Fig. 2. (a) is for a nanodiamond containing zirconium oxide as an impurity and (b) is for a nanodiamond free from zirconium oxide. In both spectra, two absorption peaks were found around 1700 and 1600 cm -1 , respectively. Usually, the absorption peaks of various functional groups (-C=O, -COOH, -NHR, -NR2, etc.) appear in this region. 35 Therefore, an unambiguous assignment of the functional groups is difficult to make from only an IR spectrum analysis.
The zeta potential measurement revealed a net positive charge on the surface of dispersed nanodiamond at pH values lower than ca. 10 (Fig. 3) . The positive charges might be due to protonated amino groups. At a pH of ca. 10 the zeta potential of the nanodiamond was almost zero, so that the nanodiamond seems to carry no charge at pH values higher than 10, where rapid coagulation of the nanodiamond was actually observed. Therefore, the stability of the suspended nanodiamond solution may be attributed to a mutual repulsion between the positively charged nanodiamond particles.
Based on the above observations, it can be presumed that the nanodiamond acts as an anion exchanger at pH values less than 10.
Effect of pH on coagulation of nanodiamond
The effect of the pH on the coagulation of dispersed nanodiamond was studied using a nanodiamond solution of 3 mg in 30 ml. The pH of the solutions was adjusted at values from 2 to 5 with dilute nitric acid, from 7 to 9 with a dilute ammonia solution and more than 10 with a sodium hydroxide solution. The dispersed nanodiamond was stable in pH 3 to 9. In other pH ranges, i.e., lower than 3 or higher than 9, the nanodiamond was found to gradually aggregate. This suggested that coagulation of the nanodiamond occurred by the adsorption 359 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 of anions (nitrate ions) on positive surface sites of the nanodiamond in acidic solutions, which resulted in a disappearance of the repulsive force by the electric double layer due to the neutralization of positive sites and subsequent dehydration of the surface of the nanodiamond. Also, at pH values higher than 10, the protons of ammonium groups on the surface of the nanodiamond particles might dissociate, resulting in the disappearance of positive charges on the surface and coagulation of the nanodiamond particles.
In addition, 10 mmol l -1 surfactants, such as anionic (sodium n-dodecyl sulfate), cationic (hexadecyltrimethylammonium bromide), and nonionic (Triton-X 100) were added to 100 ppm nanodiamond solutions prepared as 0.01 and 0.001 mol l -1 nitric acid, purified water (pH ca. 5), and 0.0001 and 0.001 mol l -1 sodium hydroxide solutions. All of the anionic surfactants brought about coagulation of the nanodiamond at any acidity investigated. This suggested that the anionic surfactants tested reacted with positively charged ammonium groups on the surface of the nanodiamond to neutralize the positive charges of the nanodiamond particles in slightly acidic and neutral solutions, leading to coagulation of the nanodiamond. On the other hand, the addition of cationic and neutral surfactants did not cause coagulation of the nanodiamond in 0.001 mol l -1 nitric acid and pure water and coagulation of the nanodiamond was observed in 0.01 mol l -1 nitric acid, 0.0001 and 0.001 mol l -1 sodium hydroxide solutions, even in the presence of cationic and neutral surfactants. Based on the above observations, we studied the interaction between oxoacid anions and the nanodiamond at pH 5 hereinafter.
Choice of electrolyte for coagulation of nanodiamond
The average size of the nanodiamond particles was 4 nm and it was difficult to separate the nanodiamond from aqueous solutions as such. Therefore, the addition of a coagulant was needed for coagulation of the nanodiamond. Ammonium, sodium, magnesium and calcium chlorides were tested as electrolytes for coagulation in terms of the toxicity and cost, and the coagulation concentrations were confirmed by the naked eye. The coagulation concentrations of ammonium and sodium chlorides were approximately twice those of calcium and magnesium chlorides. Therefore, it was quite conceivable that the coagulation concentrations were effected by the amount of anions.
Calcium and magnesium chlorides had lower coagulation concentrations, and hence calcium chloride was added as an electrolyte for the coagulation of nanodiamond to give 8 mmol l -1 in the sample solution.
Adsorption properties of oxoacid anions on nanodiamond
The adsorption behaviors of Cu 2+ and Cr2O7 2-on the nanodiamond were first examined by a batch equilibrium method at pH 5 to confirm the absorption capability of the nanodiamond. No adsorption was observed for Cu 2+ , but Cr2O7 2-was slightly adsorbed on the nanodiamond. These observations indicate that the nanodiamond has the expected anion-exchange capacity, as described above. Consequently, in order to investigate the adsorption behavior of other oxoacid anions on the nanodiamond, we determined the adsorption rates of 30 or 60 µg (the amount of metal of interest) of oxoacid anions in 30 ml of water at pH 5. The obtained results are given in Table 1 .
AsO4 3-, AsO2 -, SeO4 2-, SeO3 2-and ReO4 -were hardly adsorbed on the nanodiamond. Cr2O7 2-, MoO4 2-and WO4 2-were absorbed on the nanodiamond. The reasons why such adsorption selectivity on nanodiamond is observed among the tested anions can not be explained at present. Here, the contribution of zirconia as a contaminant in the nanodiamond to the adsorption of tungstate was suspected, because the adsorption of tungstate on zirconia in pH less than 7 had been reported. 29 However, tungstate was also adsorbed on nanodiamond free from zirconia to the same extent as that on nanodiamond contaminated by zirconia.
Therefore, we concluded that the contribution of zirconia involved in the nanodiamond to the adsorption of tungstate could be neglected.
Effect of nanodiamond on redox reaction of chromium
It was reported that Cr2O7 2-was reduced to Cr 3+ on the surface of activated carbon when activated carbon was used as a sorbent. 36 Therefore, 1.5 -30 mg of nanodiamond was equilibrated with 30 µg of chromium as Cr2O7 2-in 30 ml of a solution at pH 5; the nanodiamond was filtered off and the concentrations of Cr(III) and Cr(VI) in the filtrate was compared with each other. The total concentration of chromium was determined by ICP-AES, and the concentration of Cr(VI) was determined by spectrophotometry with the 1,5-diphenylcarbazide method. Because the total concentration of chromium agreed with that of Cr(VI), it was confirmed that Cr2O7 2-was not reduced by the nanodiamond.
Time dependency of the adsorption of tungstate
In terms of the practical use of the nanodiamond as a collector for tungstate, the effect of the equilibration time on the adsorption rate for tungstate was studied. Six milligrams of the nanodiamond were added to 100 ml of a solution containing 25,
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ANALYTICAL SCIENCES MARCH 2006, VOL. 22 Fig. 3 Zeta potential vs. pH. a, Nanodiamond contaminated with zirconium oxide; s, nanodiamond free from zirconium oxide. 100 µg ml -1 solutions used for pH 3 and 6 and 50 µg ml -1 solutions used for pH 10. At pH 10, nanodiamond coagulated, thus the zeta potential was estimated to be almost zero.
50, 100 or 200 µg of tungsten as tungstate, allowed to stand for 0 to 2 h, coagulated, filtered off, and the tungsten in each filtrate was determined by ICP-AES. The obtained results are shown in Fig. 4 . When the concentration of tungsten was lower than 0.5 µg l -1 , tungsten was quantitatively recovered within 2 h.
Pretreatment of coagulated nanodiamond in advance of a measurement of adsorbed tungsten by ICP-AES
Three pretreatment methods of the coagulated nanodiamond for the determination of tungsten adsorbed on the nanodiamond were examined as follows.
Elution of tungstate
Tungstate adsorbed on the nanodiamond from 100 ml of the sample solution containing 25 µg of tungsten was eluted by washing the coagulated nanodiamond collected on a membrane filter with 20 ml of 0.1 mol l -1 ammonium citrate, 2.0 mol l -1 ammonium nitrate-0.50 mol l -1 ammonia, 37 or 0.1 mol l -1 tris-hydroxymethyl aminomethane. The recoveries (%) for tungstate obtained by each eluent tested were about 30 -40%. Increasing the eluent volume from 20 to 80 ml did not improve the recoveries at all. The tungsten was eluted by only the first 20 ml of each eluent tested, and the rest of tungsten was confined in the coagulated nanodiamond. A SEM photograph of the coagulated nanodiamond collected on the membrane filter was taken. The nanodiamond was coagulated so tightly that there was almost no space among nanodiamond particles for an eluent to flow through. Therefore, we abandoned our try to elute tungstate on the coagulated nanodiamond for the determination of tungsten.
Redispersion of coagulated nanodiamond
The main advantage of the redispersion method is to introduce the suspension solution of nanodiamond directly to ICP-AES without any troublesome treatments.
The nanodiamond collected on the membrane filter was removed with 10 -5 mol l -1 nitric acid to a small beaker, and then sonicated by an ultra sonic washer. Most of the nanodiamond was dispersed in 10 -5 mol l -1 nitric acid, and completely passed through an Omnipore membrane filter (pore size 0.45 µm, diameter 25 mm). This method was applied to the analysis of Milli-Q water, artificial river water and artificial seawater samples containing 25 µg of tungsten (as tungstate). The obtained results are shown in Table  2 . The quantitative recovery was effected with 100 ml of the sample, but the recovery decreased with an increase in the sample volume. The nanodiamond coagulated from an artificial seawater sample was not dispersed, because a large amount of co-existing salts made the nanodiamond to coagulate so tightly. Therefore, this method is not applicable to saline solutions.
Ashing of coagulated nanodiamond
An Omnipore membrane filter with the coagulated nanodiamond on it was transferred to a quartz crucible. After the membrane filter was carbonized and ashed by a small flame, the nanodiamond was then ignited at 700˚C in a muffle furnace because tungsten oxide volatilizes at 800˚C. 32 The residue was dissolved in 1 ml of concentrated hydrochloric acid by gentle heating on a hotplate, and evaporated nearly to dryness, followed by the addition of 2 ml of 10% tartaric acid and dilution to 10 ml with water in a 10-ml volumetric flask. This method was applied to the determination of tungstate in Milli-Q water and artificial river water samples and the results obtained are listed in Table 2 . A quantitative recovery was achieved with 100 ml of the sample, but the recovery decreased with an increase in the sample volume as that obtained by the redispersion method.
Applicability of proposed method to real samples
The proposed method was applied to the analysis of artificial river-water for tungsten, as described above. The quantitative recovery of tungsten was attained with 100 ml of the sample solution at the sub ppm level, and hence the concentration factor was estimated to be 10. When the volume of the sample solution was increased from 100 ml to 200 or 300 ml by keeping the amount of nanodiamond added to the sample solutions at 6 mg, the recovery of tungsten decreased from ca. 100% to 82% or 76%. In preliminary experiments, the recovery of chromate increased from 33% to 66% by an increase in the amount of nanodiamond added to 30 ml of the sample solution containing 30 µg of Cr(VI) from 6 mg to 30 mg. Therefore, the decrease in the recovery of tungsten with an increase in the sample volume might be attributable to a shortage of nanodiamond, i.e. a decrease in the nanodiamond concentration. If we want to analyze larger volumes of sample solutions over 100 ml to achieve a considerable concentration effect, it would be recommended to add greater amounts of nanodiamond to the sample solution to improve the recovery of tungsten. Furthermore, the use of ICP-MS would be preferred as a final step of the measurement of tungsten at significantly lower 361 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 
levels.
Nanodiamond particles were found to coagulate momentarily to yield solid masses just after being added as an aqueous solution to artificial seawater. Therefore, the present method is not applicable to the analysis of saline solutions.
Nanodiamond is actually a fresh material, and its chemical characteristics are still not completely elucidated. A number of uses of nanodiamond in analytical chemistry will be developed with its chemical characterization in the future.
